Abstract. Negative nitrogen balance and increased oxygen consumption after thermal injury in humans and experimental animals is related to the extent of the burn. To determine whether defective muscle metabolism is restricted to the region of injury, we studied protein and glucose metabolism in forelimb muscles of rats 48 h after a scalding injury of their hindquarters. This injury increased muscle protein degradation (PD) from 140±5 to 225±5 nmol tyrosine/g per h, but did not alter protein synthesis. Muscle lactate release was increased >70%, even though plasma catecholamines and muscle cyclic AMP were not increased. Insulin dose-response studies revealed that the burn decreased the responsiveness of muscle glycogen synthesis to insulin but did not alter its sensitivity to insulin. Rates of net glycolysis and glucose oxidation were increased and substrate cycling of fructose-6-phosphate was decreased at all levels of insulin.
Introduction
In humans, thermal injury increases net urea nitrogen production and loss of lean body mass (1, 2) . This suggests that net protein degradation (PD)' increases in muscle, since muscle is the most likely source of nitrogen that is required for excessive urea production. Thermal injury also is associated with increased lactate production and glucose recycling, which suggests that glucose metabolism in muscle is abnormal (3) (4) (5) (6) . Odessey and Parr (7) have found that in rats, there is increased PD in muscle underlying a burn, and Nelson and Turinsky (8, 9) reported that insulin-mediated glucose utilization is abnormal in muscle underlying a burn. Both glucose and protein metabolism were normal in muscles that were distant from the thermal injury. However, in these experimental models, the burn was restricted to a single hindlimb and may not have reproduced the hypercatabolic state that is characteristic of a major thermal injury (10, 11) . In support of this contention, an increase in oxygen consumption by burned rats was not detected until the extent of the injury exceeded 50% of body surface area (12).
After a major burn, plasma levels of potentially catabolic hormones, including catecholamines, glucagon, and corticosteroids, increase (3, 5, 6, 11) . In addition, a factor that was isolated from the plasma of traumatized patients has been reported to accelerate proteolysis in incubated muscles from normal rats (13) . Therefore, it is possible that muscles which are distant from the burned area, as well as those underlying the burn, would participate in the catabolic response to a major thermal injury.
To study the consequences of a major thermal injury on muscle metabolism in rats, we measured in vivo the urea nitrogen appearance rate, and in vitro the rates of protein synthesis (PS) and degradation in muscle distant from the injury. We also studied the effects of insulin on muscle glucose utilization and compared the abnormalities uncovered with alterations in net protein degradation. Since we found accelerated proteolysis, we investigated the role of adrenal hormones and muscle prostaglandin synthesis and whether the increase in protein degradation was mediated by lysosomal proteolytic pathways.
Methods
Male Sprague-Dawley rats that weighed 180-220 g (Charles River Breeding Laboratories, Inc., Wilmington, MA) were maintained on a 12 h light-12 h dark cycle and allowed free access to water and RMH 1000 rat chow (Agway Country Foods, Agway Inc., Syracuse, NY) for at least 3 d before being studied. The rats were anesthetized with 5 mg/100 g body weight of sodium pentobarbital and 5 ml/100 g body weight of 150 mM saline were injected into the peritoneal cavity to protect the viscera from thermal injury. Thermal injury was induced by immersing the hindquarter to the mid-abdominal level in 90'C water for 3 s (14) . This procedure produces an anesthetizing (7), fullthickness burn of 45-50% of body surface area. This technique was developed in accordance with the Guide for the Care and Use of Laboratory Animals (15) and in consultation with veterinary physicians. Control rats were treated similarly, except that they were immersed in 370C water.
After immersion, rats were housed in individual, wire-bottomed cages in order to collect urine and prevent coprophagia. They were given free access to 75 mM saline, but food was withheld. After 44 to 48 h, the rats were anesthetized again and the forelimb, epitrochlearis muscles removed, weighed, and placed into flasks that contained 3 ml of Krebs-Henseleit bicarbonate buffer, 10 mM glucose, 0.5 mM phenylalanine, 0.2% fatty acid and globulin-free bovine serum albumin, and other additions as indicated. Flasks were gassed for 3 min with 95% 02-5% C02, placed into a rotating incubator (60 cycles/min), and incubated for 30 min at 370C. Muscles were then removed, blotted, transferred to flasks that contained fresh media, regassed, and incubated for a subsequent 2-h test period.
Protein synthesis was calculated by measuring the rate of incorporation of U-'4C-phenylalanine into muscle protein and dividing it by the specific radioactivity (0.1 mCi/mmol) of phenylalanine in the media (16, 17) . PD was determined in separate experiments by measuring the rate of release of tyrosine into the media in the presence of 0.5 mM cycloheximide. Previously, we and others have found that tyrosine accumulation in the intracellular space was insignificant during a 2-h incubation (16, 18) .
Muscle glucose metabolism was assessed in separate experiments by incubating with U-'4C-glucose (5 MCi/mmol) and 5-3H-glucose (0.1 mCi/mmol) simultaneously. Following the experimental period, the stoppered flask was cooled on ice and 2 ml of media was withdrawn and injected into another stoppered flask that contained 0.5 ml of 50%
TCA and a suspended center well that contained 0.2 ml phenethylamine. This flask was incubated for an additional hour. The phenethylamine was then removed and the '4C02 content was determined by scintillation counting with correction for quenching, using an external standard.
After removing 2 ml of media, the muscle was blotted and dissolved in 30% KOH at 100°C. Muscle glycogen was isolated by extraction into 85% ethanol; recovery of glycogen was 91±2%. The 14C and 3H content of glycogen was determined by liquid scintillation spectrometry, and glycogen concentration was measured spectrophotometrically (19 (28) were measured in order to calculate glucose transport using the ratio of 2-deoxy-U-'4C-glucose/glucose and the specific radioactivity of 2-3H-glucose in the media (26, 28, 29) .
Fatty acid metabolism was studied by incubating muscles for a 2-h experimental period with 0.5 mM oleate and 4 g/dl albumin that contained 1-'4C-oleate (0.4 mCi/mmol). The rate of oxidation was calculated by dividing the rate of 14C02 evolved by the specific radioactivity of oleate in the media (30) .
Tyrosine, phenylalanine, and urea were assayed fluorometrically (31) (32) (33) (34) . Glucose was measured using a Beckman Glucose II analyzer (Beckman Instruments, Inc., Palo Alto, CA), which we have found to have a coefficient of variation of 1.5% with glucose measured enzymatically (17) . Urea nitrogen appearance was calculated as the algebraic sum of urea nitrogen excretion, and the change in the urea nitrogen pool which was measured as the product of plasma urea nitrogen and the volume of distribution of '4C-urea (35) . In burned rats, the urea space was 51.5±1.6% body weight; it was 55.4±1.1% body weight in unburned control rats. Prostaglandin E2 (PGE2) production by incubated muscle was estimated by radioimmunoassay of PGE2 that was released into the media (36, 37). Lysosomal cathepsin B activity in homogenates of epitrochlearis muscles was measured by monitoring the hydrolysis of the substrate, carbobenoxy-alanyl-arginyl-arginyl-4-methoxy-pnaphthylamine (CBZ-Ala-Arg-Arg-MNA) fluorometrically (38) . A 10% (wt/vol) muscle homogenate in 0.15 M KC1 (pH 5.0) was frozen at -70°C to disrupt lysosomes and a 25-Ml aliquot was incubated at 37°C for 1 h with the substrate in 0.2 mM Na2HPO4, 0.2 mM citric acid buffer (pH 6.0) that contained 2 mM dithiothreitol, and 8 mM EDTA. Plasma glucagon was measured by radioimmunoassay using the 30,000 glucagon-specific antibody of Unger (39). Plasma catecholamine levels were measured radioenzymatically (40) . The protein content of muscle was measured by the biuret method; the cyclic AMP content of muscle that was homogenized in 0.1 N HC1 was measured by radioimmunoassay (41) .
The effects of adrenal hormones on muscle metabolism were assessed after adrenalectomy using hormone replacement schedules as indicated. Adrenalectomy was performed through a dorsal incision 24 h before the thermal injury. Subsequently, these rats and their shamoperated controls were given 150 mM saline to drink.
Reagent Results were considered significant at P < 0.05.
Results
Survival of rats after thermal injury to the hindquarter exceeded 97%, except after adrenalectomy or treatment with metyrapone; survival in these rats was 40-60%. The rate of urea nitrogen appearance by burned animals was 60% greater than that of unburned rats (Table I) , which suggests the presence of increased protein and amino acid catabolism in vivo. At 48 h after thermal injury, plasma levels of glucagon were increased about fivefold but plasma catecholamines were not increased significantly. In burned rats, serum glucose was 24% higher, while the glycogen content of their epitrochlearis muscles was 52% lower. There was no difference in the cyclic AMP content of muscle between the two groups of rats.
In Table II are shown the rates of PS and PD in forelimb epitrochlearis muscles that were obtained 48 h after thermal injury; PD was increased 61% compared with that of muscles from unburned rats, while PS was unchanged. 10 mU/ml insulin raised PS and lowered PD in muscles from burned and unburned rats to a comparable degree. Despite this supraphysi- ologic concentration of insulin, PD in muscle from burned rats was still 72% higher than in muscles from unburned rats.
To determine how this change in PD compared with the response to a direct thermal injury, a 3 s, scalding injury was administered to the upper limbs and chest ('20% of body surface area). After 48 h, PD in the underlying epitrochlearis muscles of these rats also was increased (209±8 nmol tyrosine/ g per h), and 10 mU/ml insulin reduced it 20±4% to 181±7 nmol tyrosine/g per h.
To determine whether the proteolytic response was affected by the environmental temperature (42) , six burned rats were housed in a ventilated chamber that was maintained at 32°C for the 48 h after the injury. PD in their epitrochlearis muscles was 224±1 1 nmol tyrosine/g per h and not different statistically from that of burned rats that were housed at room temperature. (Table III) . After eliminating adrenal steroids and catecholamines by adrenalectomizing (ADX) rats 24 h before the burn, we found that PD in muscle was still increased 58% by the burn. Dexamethasone (2 mg/kg per 12 h) increased PD in muscles of unburned-ADX rats, but the increase was only half as great as that induced by the burn (Table III) Amol/g per h, burn-ADX, steroid treated).
To examine the effect of selective glucocorticoid deficiency, glucocorticoid production was blocked by metyrapone injections (43) . Metyrapone caused a small increase in the accelerated proteolysis induced by the burn (P < 0.05) and also tended to increase muscle proteolysis in unburned rats (Table III) . However, PD in muscles from burned rats that were treated with metyrapone was still 58% greater than that in muscles of unburned rats. Finally, to examine the effects of circulating catecholamines, propranolol was injected at a dose that was sufficient to inhibit ,B-adrenergic effects (44) . This regimen did not change PD in muscles from burned rats. 186±9 §1" 152± 10 Values are mean±SEM from incubated muscles of 5-10 rats in each treatment group. Adrenalectomy was performed 24 h before the experiment. Treatment schedules were begun 2 h before the burn. PD was measured in the presence of 0.5 mM cycloheximide. Tyr, tyrosine. * P < 0.01, compared with muscles from unburned rats. * P < 0.01, compared with muscles from unburned, adrenalectomized rats. §P < 0.05. 11 P < 0.01, compared with untreated, burned rats.
Recent reports that increased muscle PGE2 synthesis is associated with accelerated muscle proteolysis (36, 37) prompted us to examine the relationship between burn-induced muscle proteolysis and PGE2 production. The rate of PGE2 release by incubated muscles of burned rats was not different from that by muscles of unburned rats (22.1±2.8, burned, vs. 20.2±1.9 ng PGE2/g per 2 h, unburned). Administration of indomethacin (3 mg/kg i.p.) to rats 2 h before and every 8 h after thermal injury reduced the rate of muscle PGE2 release to 8.5±3.5 ng PGE2/g per 2 h (P < 0.01) but did not alter the high rate of muscle PD (Table III) . To exclude the possibility that incubation with cycloheximide might inhibit prostaglandin production, cycloheximide was omitted from the media. Again, the burn did not increase PGE2 release from muscle (29.1±3.0, burned, vs. 26.6±3.0 ng/g per h unburned) and injection of indomethacin did not inhibit net proteolysis, even though PGE2 release was reduced by 53%.
To investigate whether lysosomal proteases were necessary for this proteolytic response of muscle, we injected subcutaneously 10 mg/kg per 8 h of an oil emulsion of EP-475, which is an inhibitor of lysosomal thiol proteases (36) (37) (38) 45 ). This regimen reduced cathepsin B activity in epitrochlearis muscles from 99±4 to 8±4 nmol/g per min in burned rats and from 81±5 to 10±3 nmol/g per min in unburned rats. EP-475 injections reduced PD 20% (P < 0.01) in muscles from burned rats but did not change PD in muscle from unburned rats (Table III) .
In vitro studies. Incubation with I uM epinephrine did not change PD in muscles of burned rats, but reduced it 15.8±3.6% (P < 0.01) in muscles of unburned rats (Table IV) . Glucagon (107 pg/ml) increased PD in incubated muscles from fasted unburned rats by 78% but did not change the high rate of muscle PD present after a burn. A more physiologic concentration of glucagon (104 pg/ml) did not change PD or PS in muscles of normal, fasted rats. To examine whether glucocorticoids might increase the sensitivity of muscle PD to the acute effects of glucagon or epinephrine, normal rats were fasted and given 2 mg/kg per 12 h dexamethasone subcutaneously for 48 h. Muscles were then incubated with or without 0.1 ,M epinephrine and/or 104 pg/ml glucagon (Table IV) . Dexamethasone increased muscle PD 32% (P < 0.01), but there was no additional increase when epinephrine and/or glucagon were added to the media.
To examine the responsiveness of burn-induced muscle proteolysis to compounds that can inhibit protein degradation, muscles were incubated with insulin, a-ketoisocaproate (aKIC), indomethacin, and the thiol protease inhibitor, (Table  V) (Tables II and V) . Glucose metabolism. Because a high rate of lactate release from muscle can be associated with an accelerated rate of PD (17) (see above), we examined glucose metabolism in more detail. At a glucose concentration of 5 mM, the basal rate of 2-deoxy-U-'4C-glucose transport into muscle from burned rats was higher than into muscle of unburned rats (Table VI) . However, when glucose was 10 or 20 mM, glucose transport into muscles from the two groups was not different either in incubations with or without 10 mU/ml insulin. Because of the potential difficulties associated with measuring 2-deoxy-glucose transport (47) , we also calculated transport as the rate of 3H20 formed during phosphorylation of 2-3H-glucose (24, 29) . The results confirmed that the burn did not cause marked changes in glucose transport (Table VI) .
We also measured the effect of thermal injury on different pathways of glucose utilization by incubating muscles with U-'4C-glucose and 5-3H-glucose. In Table VII , the effects of 0, 100 uU/ml, and 10 mU/ml insulin on these pathways are presented. In the absence of insulin, total glucose uptake during the 2-h incubation was increased 82% in muscles from burned rats while net glycolysis and lactate release were increased 72 and 48%, respectively. Incubation with 100 ,gU/ml insulin stimulated GS in both groups of muscles to a comparable degree. Glucose uptake was higher in muscles of burned rats and there was a 71% increase in net glycolysis and an 87% increase in lactate release. GO was 52% greater in muscles of burned rats while Sc between fructose-6-phosphate and fructose-1,6-diphosphate in these muscles was 62% less. With 10 mU/ml of insulin in the media, GS was depressed 32% and net glycolysis and lactate release were increased 80-88%. GO was 119% greater than that of control muscles and again, Sc was depressed, proceeding at only one-fourth the rate measured in muscles from unburned rats. In Fig. 2 , the dose-response-relationships between insulin and rates of GS, net glycolysis, and GO in incubated muscles are shown. Thermal injury reduced the responsiveness (48) of GS to insulin without altering sensitivity to insulin. At all levels of insulin, net glycolysis and GO were greater in muscles from burned rats, but the insulin concentrations that yielded half-maximal responses were similar. As shown in Table VIII , abnormalities in insulin-stimulated glucose utilization that were induced by thermal injury persisted, even in adrenalectomized rats.
To examine whether the increase in muscle GO that was induced by the burn was associated with changes in the oxidation of exogenous fatty acids, muscles were incubated in a glucose-free media that contained 10 mU/ml insulin and 0.5 mM Na oleate plus [1-'4C]oleate (0.4 mCi/mmol). The rate of 14C02 that was released by muscles of burned rats (0.110±0.013
,gmol/g per h) was not different statistically from that of muscles from unburned rats (0.106±0.010 umol/g per h). The rates also were not different when 10 mM glucose was present in the media (0.174±0.01 1 gmol/g per h, burned; 0.189±0.015
,umol/g per h, unburned).
The net rate of muscle PD is shown in Table VII . This rate, the difference between PS and total PD, was significantly increased by thermal injury. Previously, we found that in a comparison of acutely uremic and control rats, net PD was increased in perfused muscle and was correlated with the proportion of glucose uptake which was released as lactate (17) . We examined whether there was a similar relationship in the present study. As shown in Fig. 3 , there was a significant, positive correlation (r = 0.82; P < 0.001), such that as the percentage of glucose uptake which was converted to lactate increased, the rate of net PD increased.
Discussion
This study demonstrates that a major thermal injury in rats causes accelerated protein and glucose catabolism in skeletal muscle that is distant from the burned area. After a scalding injury of the hindquarter, muscle PD was increased 60-70% in forelimb epitrochlearis muscles without a change in PS. The increase in PD was comparable with that induced by a burn of overlying tissues and was not affected by the environmental temperature (42) at which the rats were housed after 220±36  188±39  267±21  220±14  10 mM  327±33  300±49  494±11  407±21  20 mM  667±18  633±25  801±21  705±24   Unburned Rats  5 mM  125±17  110±18  250±11  221±13  10 mM  318±14  258±8  454±20  381±10  20 mM  536±48  483±57  749±45  647±32 Values are mean±SEM. Five pairs of muscles from both burned and unburned rats were preincubated in glucose-free, Krebs-Henseleit buffer with or without 10 mU/ml insulin. Muscles were then transferred to flasks with fresh media that contained glucose, 2-deoxy-U-'4C-glucose, or 2-3H-glucose with or without insulin and incubated for a subsequent 30 min. Glucose transport was determined as the amount of 2-deoxy-U-'4C-glucose in the intracellular space of muscle (26) . Transport also was determined during incubation with 2-3H-glucose by measuring the rate of 3H20 that was released during the interconversion of glucose-6-phosphate and fructose-6-phosphate (28) . (Tables  I and IV) . However, 104 pg/ml glucagon did not increase muscle PD of normal, fasted rats. To examine whether adrenal hormones might interact with glucagon to increase muscle PD, we pretreated normal, fasted rats with high doses of dexamethasone and then incubated their muscles with glucagon and/or epinephrine. We found no evidence that prolonged exposure to high doses of dexamethasone in vivo potentiated the proteolytic effects of glucagon and/or epinephrine (Table IV) . There are multiple pathways of protein breakdown in mammalian cells (45) Figure 3 . The relationship between net PD in muscles incubated with 50 AU/ml, 100 AU/ml, and 10 mU/ml insulin and the percentage of glucose uptake released as lactate is shown. Results from burned rats (e) and unburned rats (o) indicated that a significant correlation (r = 0.82) was present.
that this additive effect was simply an insulin-stimulated increase in EP-475 uptake, since cathepsin B activity was almost completely inhibited by EP-475 when muscles were incubated without insulin (data not shown). In addition to thermal injury, trauma also appears to cause a systemic, proteolytic response. Clowes et al. (13) reported that proteolysis was stimulated when normal rat soleus or human rectus abdominus muscles were incubated with plasma from traumatized patients. Purification studies indicated that a circulating glycoprotein could be the mediator ofthis response. Tischler and Fagan (49) have found that blunt trauma to the hindlimb of a rat causes nitrogen wasting, which was due in part to an increase in PD in uninjured soleus, extensor digitorum longus, and diaphragm muscles. As in our study, the increased PD in uninjured muscle was not corrected by insulin. In other ways, the response was different. Tischler and Fagan did not find that the rates of glycolysis and GO were increased in uninjured muscle.
In the present experiments, increased lactate release from muscle accompanied the accelerated proteolysis, which indicates that the catabolic response to thermal injury extended to glucose metabolism. We found that muscle glucose transport was unaffected by the burn (Table VI ), but that total glucose utilization (glucose uptake) was increased both in the absence and presence of insulin (Table VII) . It seems most likely that the increase in muscle lactate production was caused by accelerated glycolysis rather than by inhibition of pyruvate dehydrogenase activity, since GO in muscles from burned rats was increased at all levels of insulin studied. Insulin doseresponse relationships (Fig. 2) indicated that thermal injury decreased the responsiveness (48) of GS to insulin. This could not be attributed to catecholamines (50, 51), since plasma catecholamine and muscle cyclic AMP levels were not elevated. We found no evidence that the sensitivity of muscle to insulin (48) was altered by the burn. Since glycolysis and GO were increased and Sc between fructose-6-phosphate and fructose-1,6-diphosphate was decreased, the yield of ATP per mole of glucose that was metabolized by muscle would have been substantially increased by the burn (25). Increased glucose catabolism did not appear to be caused by defective fatty acid metabolism, since oxidation of exogenous oleate was not impaired by the burn.
The correlation we found between net muscle PD and the percentage of insulin-stimulated glucose uptake directed into lactate production (Fig. 3) (55) , and burns (3, 5, 6) are almost invariably associated with excessive lactate production and increased net urea production. A finding of potential therapeutic importance is the partial inhibition of both increased PD and lactate release in muscles of burned rats during incubation with aKIC. Unlike other branched-chain amino acids or their keto analogues, this compound can inhibit muscle protein degradation (56) . Moreover, aKIC has been shown to improve nitrogen balance in starving, obese humans (57) and in patients who have undergone abdominal surgery (58) . Thus, a study of the effects of aKIC on protein and carbohydrate metabolism in burned patients would be of interest. Moreover, an understanding of the relationship in Fig. 3 may lead to more rational therapy of conditions associated with excessive muscle proteolysis.
